We examined the effects of methyl-β-cyclodextrin (MβCD) on Ca 2+ -induced Ca 2+ release (CICR) in smooth muscle cells (SMCs) of mouse urinary bladder (UB). Short depolarization of UBSMCs under voltage-clamp elicited several local Ca 2+ transients (Ca 2+ hot spots) via CICR within 20 ms in discrete sub-sarcolemmal areas. Then, the Ca 2+ wave spread to whole areas. The pretreatment with 10 mM MβCD significantly attenuated Ca 2+ hot spots in UBSMCs and reduced contraction by single direct electrical pulse stimulation in UBSM strips. MβCD may prevent CICR by attenuating the coupling between voltage-dependent Ca 2+ channels and ryanodine receptors in Ca 2+ hot spot areas.
In smooth muscle cells (SMCs), spontaneous Ca 2+ release (Ca 2+ spark) from local sarcoplasmic reticulum (SR) through ryanodine receptor Ca 2+ -releasing channels (RyR) has an obligatory role in the regulation of muscle tonus (1) . Under resting conditions, Ca 2+ sparks do not grow into a global [Ca 2+ ] i rise but couple to opening of large-conductance Ca 2+ -activated K + (BK) channels in plasmalemma and induce spontaneous transient outward currents (STOCs) (2) . A discrete junctional structure consisting of superficial SR and plasmalemma is responsible for functional couplings between RyR in SR and ion channels such as BK channels and voltagedependent Ca 2+ channels (VDCCs) in plasmalemma (3) . It has been suggested that caveolae, the Ω-shaped invagination of the surface membrane (approx. 70 nm) (4) , may be essential for the formation of such junctions and also for the compartmentalization of signalling molecules principal for STOC generation (5) . The aggregation of BK channels in caveolae has been suggested in SMCs (6) , while VDCCs may be independent of caveolae (7) .
Methyl-β-cyclodextrin (MβCD) has been used as a pharmacological tool to destroy lipid rafts and / or caveolae by removing cholesterol from membrane constructs (8) . Results obtained using MβCD or caveolin-1 knock-out (KO) mice support the hypothesis that the functional coupling between RyR and BK channels may require lipid rafts and / or caveolae in plasmalemma (7, 9) . Actually, STOCs in SMCs are markedly reduced by application of MβCD (7) . In contrast, it is still unclear how the extent of Ca 2+ -induced Ca 2+ release (CICR), resulting from the coupling between VDCC and RyR in junctions, contributes to excitation-contraction (E-C) coupling in SMCs. The present study was undertaken to examine the possibility that E-C coupling elicited by an action potential may be interfered with by the treatment with MβCD in urinary bladder SMCs (UBSMCs) because of the dysfunction of caveolae and subsequent decrease in CICR.
We used 8 -10-week-old male mice (C57BL/6) (Japan SLC, Hamamatsu). All experiments were carried out in accordance with the guiding principles for the care and use of laboratory animals (the Science and International Affairs Bureau of the Japanese Ministry of Education, Culture, Sports, Science, and Technology) and also with the approval of the ethics committee at Nagoya City University. Single SMCs were enzymatically isolated from UB (10) . The whole-cell patch clamp techniques were applied to single cells as described previously (10) . Ca 2+ images using a fast laser-scanning confocal microscope (RCM 8000; Nikon, Tokyo) and measurements of contractility were carried out as re-ported previously (11 -13) .
Data are expressed as the mean ± S.E.M. in the text. Statistical significance between two or among multiple groups was examined using Student's t or Tukey's test after the F-test or one way ANOVA, respectively.
Confocal images of local changes in [Ca 2+ ] i and membrane currents during depolarization were simultaneously recorded from isolated UBSMCs. When effects Fig. 1 . Effects of MβCD on Ca 2+ hot spots observed following depolarization in UBSMCs. Membrane currents and Ca 2+ events at 18.7 ms were simultaneously monitored in single UBSMCs under voltage clamp. Ca 2+ images were obtained using fluo-4 and laser scanning confocal microscopy. Experiments were carried out at room temperature (24 ± 1°C). A: Representative Ca 2+ images during and following depolarization from −60 to 0 mV for 30 ms in the control conditions (control) or after pretreatment with 10 mM MβCD (MβCD). Voltage clamp depolarization started at 0 ms. Arrowheads in the image at 18.7 ms (a, b) indicate Ca 2+ hot spots. The edge of cells is indicated by the yellow line. For electrical recording from isolated myocytes, HEPES-buffered solution having the following composition was used as the external solution: 137 mM NaCl, 5.9 mM KCl, 2.2 mM CaCl2, 1.2 mM MgCl2, 14 mM glucose, 10 mM HEPES, and pH was adjusted to 7.4 with NaOH. The pipette solution contained the following: 140 mM KCl, 1 mM MgCl2, 10 mM HEPES, 2 mM Na2ATP, 0.1 mM fluo-4, and pH was adjusted to 7.2 with KOH. Note that Ca 2+ hot spot was not clearly observed in the image at 10.4 ms in MβCD-pretreated myocytes. B: The time-courses of [Ca 2+ ]i changes indicated by red, green, and blue lines were measured from two Ca 2+ hot spots and from whole cell area as the average, respectively, and plotted against time. Changes in fluorescence intensity ratio (∆F /F0) in the small area (2 µm in diameter) of hot spots "a" (red) and "b" (green) were measured from two Ca 2+ hot spots indicated by red and green arrowheads in the image in panel A, respectively. F0 was the average fluorescence intensity before depolarization. ∆F /F0 values measured as the average from the whole cell area (blue) were also plotted. The black dots showed membrane currents under whole cell voltage-clamp.
of MβCD were examined, isolated UBSMCs were incubated with 10 mM MβCD (Sigma, St. Louis, MO, USA) for 10 min before recordings. Fluorescent images obtained every 8.25 ms under voltage-clamp are shown in Fig. 1A . In the control UBSMC, [Ca 2+ ] i rise during depolarization from −60 to 0 mV for 30 ms appeared first as local Ca 2+ elevations (Ca 2+ hot spots) in welldefined intracellular locations. In the image obtained 10.4 ms after depolarization, Ca 2+ hot spots were observed in several separate areas in a single confocal plane. This rise of [Ca 2+ ] i then slowly spread from the spots to the entire intracellular area, forming a Ca 2+ wave even after repolarization (13) . In contrast, in MβCD-pretreated myocytes, Ca 2+ hot spots appeared more slowly and less extension of the Ca 2+ wave was observed. Figure 1B shows the time-courses of [Ca 2+ ] i changes (∆F / F 0 ). The rises of local and global [Ca 2+ ] i in MβCDpretreated myocytes were smaller than those in the control. Figure 1B also shows membrane currents (black dots) elicited by depolarization. A large outward current followed the initial inward current (Ca 2+ current). Most of the outward current recorded at 0 mV (by over 80%) was inhibited by addition of 1 µM paxilline or 100 nM iberiotoxin (not shown), indicating that a large part of the outward current is the BK channel current (11, 13) . The activation of outward current appeared to be slower in MβCD-pretreated myocytes. The cell capacitance of MβCD-pretreated myocytes (38.0 ± 4.1 pF, n = 7) was significantly smaller than that of the control (55.5 ± 6.0 pF, n = 8; P<0.05). Figure 2A summarizes the [Ca 2+ ] i results (∆F / F 0 ). The [Ca 2+ ] i rise in hot spots in MβCD-pretreated myocytes was significantly smaller than that in the control (P<0.01). The global [Ca 2+ ] i rise was also significantly different between the two groups (P<0.05). The number of Ca 2+ hot spots per single confocal image at 18.7 ms was also significantly smaller in MβCD-pretreated myocytes (P<0.05) (Fig. 2B ). The averaged peak amplitude of outward current was not significantly different between the two groups (P>0.05) (Fig. 2C ). We also measured the density of VDCC currents, which Fig. 1 . B: Number of Ca 2+ hot spots per cell. The Ca 2+ hot spots were measured in one confocal plane (2.2 µm in the Z-axis) obtained 18.7 ms after the start of depolarization in the experiments shown in Fig. 1 . C: Peak amplitude of outward currents activated by depolarization from −60 to 0 mV for 30 ms as shown in Fig. 1B . The numerals in parentheses indicate number of cells examined. D: The currentvoltage relationships of voltage-dependent Ca 2+ channel currents were measured in the control conditions (control) or after pretreatment with 10 mM MβCD (MβCD). Potassium currents were blocked by use of a pipette filling solution, in which K + was replaced by Cs + . Cells were depolarized from −60 mV to test potentials in a range of −70 and +60 mV by 10-mV steps for 150 ms. The peak inward current amplitude was plotted against test potentials. *P<0.05, **P<0.01 vs MβCD-treated cells in panels A and B. Contractions were induced by electrical field stimulation in UBSM strips every 90 s. To apply electrical field stimulation, platinum stimulating electrodes were placed along a tissue on both sides. Changes in contraction magnitude by 100 µM ryanodine were compared between control and MβCD-pretreated strips. MβCD was applied for 30 min before the start of electrical stimulation. Standard Krebs solution (112 mM NaCl, 4.7 mM KCl, 2.2 mM CaCl2, 1.2 mM MgCl2, 25 mM NaHCO3, 1.2 mM KH2PO4, and 14 mM glucose: the pH was adjusted to 7.4 by gassing with a mixture of 95% O2 / 5% CO2) was used for the measurements. B: Summarized data based on contractions evoked by single 3-ms pulse corresponding to the stimulation condition (a) in the inset of panel A, before (control: left two columns) and after the addition of 100 µM ryanodine (right two columns). Data were collected from experiments typically shown in panel A. C: Summarized data based on contractions evoked by the train of 10 pulses (10 ms in duration) corresponding to (d), before (control) and after the addition of 100 µM ryanodine. D: The sensitivity of contractions to ryanodine was re-evaluated from the data shown in panels B and C. The ratio of contraction amplitude in the presence of ryanodine versus that in the control is shown on the ordinate (ryanodine /control). E: Summarized data about the susceptibility of contractions induced by 10 µM acetylcholine (ACh) to 10 mM MβCD. The amplitude of contraction was measured at the peak and the sustained phase at 20 min. In panels B, C, and E, the developed force is normalized to the tissue weight in each preparation (mN /mg). were not significantly different between two groups (Fig. 2D) .
To clarify the functional meaning of the decrease in Ca 2+ hot spot signalling upon depolarization in MβCDpretreated myocytes, effects of pretreatment with 10 mM MβCD on contractions induced by direct electrical stimulation (ES) were examined in UBSM strips (Fig. 3A) . The amplitude in the control group depended on the stimulation conditions: (d) a train of 10 pulses (10 ms in duration) > (c) a train of 10 pulses (3 ms in duration) > (b) a single pulse at 10 ms in duration > (a) a single pulse at 3 ms in duration. These contractions were almost completely blocked by addition of 1 µM nicardipine. Addition of 100 µM ryanodine transiently increased the tone and, thereafter, reduced the amplitude regardless of the MβCD-pretreatment.
When a contraction was induced by single 3-ms pulse, the contraction in MβCD-pretreated strips was significantly smaller than that in the control (P<0.05) (Fig. 3B ). The addition of ryanodine markedly reduced the contraction in the control but did not change that in MβCD-pretreated strips significantly. When the contraction was induced by the train of 10 pulses, the amplitude in MβCD-pretreated strips was not significantly smaller than that in the control (P>0.05) (Fig. 3C ). It is also notable that the addition of 100 µM ryanodine did not significantly change the amplitude in MβCD-pretreated strips (Fig. 3D) . To compare the maximum contractile responses in the control strips with MβCD-pretreated ones, contractions induced by 10 µM acetylcholine (ACh) were recorded. The amplitude at the peak and the sustained phase was not significantly different between the control and MβCD-pretreated strips (P>0.05) (Fig. 3E) .
The present finding that Ca 2+ hot spots were significantly attenuated by the MβCD-pretreatment suggests the obligatory role of caveolae in the generation of Ca 2+ hot spots in UBSMCs. The functional coupling between VDCC and RyR in the junctions, which are presumably formed by caveolae and superficial SR, may be reduced by the MβCD-induced collapse of caveolae. In the previous study, we have reported that Ca 2+ release during E-C coupling in UBSMCs occurs in two-steps (13) . Ca 2+ influx during an action potential does not increase [Ca 2+ ] i significantly in UBSMCs. It initiates CICR in discrete hot spot sites via functional coupling between VDCCs and RyRs. In the second step, which also involves Ca 2+ release, Ca 2+ waves slowly spread to other Ca 2+ store sites. This is the reason why a twitch contraction evoked by an action potential is highly susceptible to ryanodine. In the present study, it was clearly shown that this type of twitch contraction was also susceptible to MβCD-treatment. When a larger Ca 2+ influx was elicited under severe stimulation conditions, the contribution of CICR to elevating global [Ca 2+ ] i during E-C coupling was smaller.
It has been reported that the pre-treatment with MβCD rather increases BK channel current upon depolarization in human myometrium SMCs in the presence of 1 mM EGTA in the pipette solution (6) . This phenomenon has been interpreted as follows: BK channels in caveolae may form an actin-channel-caveolin complex and the destruction of the complex increases BK channel activity. In the present study, the depolarization-induced BK current was not significantly changed in amplitude but was slowed in its activation in MβCD-treated myocytes. On the other hand, the number of Ca 2+ hot spots and the rise of [Ca 2+ ] i in spots were significantly reduced by MβCD-treatment. Taken together, our result that the activation efficacy of BK current upon depolarization was enhanced by MβCD-treatment may be in good agreement with the finding in myometrium SMCs.
The possibility that Ca 2+ amount in storage sites was reduced by MβCD-treatment may not be the case, since ACh-induced contraction was not affected by MβCDtreatment. It has been reported that the susceptibility of agonist-induced contraction to MβCD-treatment is agonist-dependent in vascular SM (14) . In contrast, the reduction of carbachol-induced contraction has been reported in UBSM strips from caveolin-1 KO mice (15) , suggesting that the collapse of caveolae by MβCDtreatment may be somewhat different from that by genetic caveolin-deficiency.
In conclusion, the present study clearly demonstrated that the MβCD-treatment selectively attenuated CICR evoked by an action potential in UBSMCs. It can be strongly suggested that caveolae is essential for the functional coupling between VDCC and RyR to elicit Ca 2+ hot spots in discrete junctions.
